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Abstract 
Solar thermal cooling is one of the best promised technologies to get cooling from the sun. The main obstacle to promoting this 
technology is its high initial cost and low efficiency. Nowadays more and more evacuated tube collectors can work at 
temperature up to 90 Û&ZLWKHIILFLHQF\QROHVVWKDQ$WWKHVDPHWLPHDEVRUSWLRQFKLOOHUVGULYHQby heat medium at lower 
than 90 Û&DUHHPHUJLQJLQ&KLQD This paper presents a novel solar thermal cooling system applied in a typical office building 
with 50RT absorption chillers and normal Chinese evacuated tube collectors in China. This system can store both heating and 
cooling simultaneously. The system has been modeled and optimized with the TRNSYS software. Then the model and 
optimization results have been verified through validation tests. The energy efficiency and economic performance of the system 
has also been analyzed based on the simulation results. Results show that the annual average efficiency of collectors is , 
and the solar fraction of the system in summer and winter is respectively 0.76 and 0.38. Simulation results also show that 
compared with traditional cooling and heating systemRISULPDU\HQHUJ\FRQVXPSWLRQFRXOGEHUHGXFHGDQGWKHnet present 
value 139RIOLIHF\FOHFRVWIRUWKHQRYHOV\VWHPLVOHVV7KHQRYHO solar thermal cooling system is a much better way to 
substitute traditional systems with 5 years of dynamic payback period. 
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1. Introduction 
As China's economy continued to develop rapidly, lots of buildings have been built in recent years. The total floor 
area of buildings in China is about 400 billion m2. In 2020, this figure will be up to 700 billion m2. Meanwhile, the 
EXLOGLQJHQHUJ\FRQVXPSWLRQ LQFOXGLQJKHDWLQJFRROLQJ OLJKWLQJFRRNLQJHWFKDVDFFRXQW IRURI WKH WRWDO
energy consumption of the country. And this percentage will be much higher along with the rapid economic 
development. Because 7 RI WKH WHUULWRULDO DUHD RI &KLQD QHHGV VSDFH KHDWLQJ DQG FRROLQJ VSDFH KHDWLQJ DQG
cooling energy consumption accounts for a large part of the building energy consumption.  
In order to reduce pollution emission and keep a good air quality, Chinese government is seeking possible 
cleaning ways e.g. ground source heat pumps, solar PV systems and biomass heating and cooling systems to replace 
traditional heating and cooling systems. All the renewable heating and cooling technologies are doing their best to 
show their ability of saving energy and reducing PM2.5 emission. 
Solar thermal cooling is one of the best promised technologies to get cooling from the sun. It has many 
advantages compared with traditional cooling systems [1]. The increased air conditioning load (depending on the 
amount of solar radiation) can be compensated by effective solar heat utilization for cooling in summer. In addition, 
VRODUUHVRXUFHLQ&KLQDLVDEXQGDQW1HDUO\RIWKHKHDWLQJDQGFRROLQJ]RQH’s solar resource is rich or very rich 
in summer [2]. China has an advantageous solar resource condition to promote solar thermal cooling. 
A significant amount of research work has been done on solar thermal cooling [3, 4]. The main obstacle to 
promoting this technology is its high initial cost and low efficiency. That is due to the traditional absorption chillers 
require a high temperature heating medium of more than 90°C and the high temperature solar collectors, such as 
heat-pipe collectors, CPC collectors and parabolic trough collectors etc., are complicated and extremely expensive.  
Evacuated tube collector has been well known for its low price. And it’s the most popular solar collector in 
China. With advanced production technologies, more and more evacuated tube collectors can work at temperature up 
WRÛ&ZLWKHIILFLHQF\QROHVVWKDQQRZDGD\V$WWKHVDPHWLPHDEVRUSWLRQFKLOOHUVGULYHQE\KHDWPHGLXPDW
ORZHU WKDQ Û&DUHHPHUJLQJ LQ&Kina. Great effort has been made by us to solve the obstacle of solar thermal 
cooling through take advantages of evacuated tube collectors and new absorption chillers. 
This paper presents a novel solar thermal cooling system applied in a typical office building with 50RT 
absorption chillers and normal Chinese evacuated tube collectors in China. The system has been modeled and 
optimized with the TRNSYS software. Then validation tests have been carried out. The energy efficiency and 
economic performance of the system has also been analyzed based on the simulation results. 
2. System description 
The novel solar thermal cooling system is applied for space cooling and heating of a typical office building in 
Beijing, China. The main components of this system include the evacuated tube collectors, an absorption chiller, a 
heat storage tank and a cooling storage tank. The system can switch the modes automatically to ensure cooling and 
heating effect at a high solar efficiency. Fig. 1 shows the schematic of the novel system. Fig. 2 (a) shows exterior of 
the building. Table 1 shows brief information of the building.  
The major differences between the novel and traditional solar systems are the cooling storage tank and the 
absorption chiller which could be driven by heat medium at 70~ Û&. Fig. 2 (b) shows the performance 
characteristics of the absorption chiller. Therefore the evacuated tube collectors could satisfy the requirements for 
heat medium and reduce initial cost for the collector.  
With the cooling storage tank, chilled water could be stored when there is extra heat in heat storage tank. Stored 
chilled water could be used for the start time of the next day. Because the temperature difference between the 
cooling storage tank and ambient is much lower than the heat storage tank and ambient, heat loss from the cooling 
storage tank would be less than the heat storage tank, the system efficiency could also be improved. 
A biomass boiler is chosen as the auxiliary heat resource. Thus, the driven energy of the absorption chiller would 
be entirely provided by solar collectors and biomass boilers. A higher renewable energy fraction would be achieved. 
The system control strategies are given as follows. 
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1. Solar collectors. Collector pump starts when the temperature difference between the heat storage tank and the 
collector outlet is greater than or equal to 5 ÛC. If this temperature difference is lower than 2 ÛC or the temperature of 
heat storage tank is higher than 92 ÛC, the collector pump stops. 
2. Chiller. For the occupied days, if the temperature of cooling storage tank is lower than discharge set point, the 
stored chilled water is used as cooling source. 
If the temperature of cooling storage tank is higher than discharge set point, and the temperature of heat storage 
tank is higher than tank set point, the absorption chiller starts.  
If the temperature of cooling storage tank is higher than discharge set point, and the temperature of heat storage 
tank is lower than tank set point, the biomass boiler starts to provide heat medium for the chiller. 
For the unoccupied days, if the temperature of cooling storage tank is higher than charge set point, and the 
temperature of heat storage tank is higher than tank set point, the absorption chiller starts. Chilled water would be 
stored in the cooling storage tank. 
3. Space heating in winter. In winter, hot water in heat storage tank is used as heat source. The biomass boiler 
starts when the temperature of heat storage tank is lower than 54 ÛC. 
 
Fig. 1. Schematic of the novel solar cooling system 
 
Fig. 2. (a) Exterior of the building; (b) Performance characteristics of the absorption chiller 
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Table 1. Building information 
Type 2 floors office building 
Total height 11.8 m 
Gross floor area 1,850 m2 
Window to wall Ratio  
Glazing 2.2 W/m²·K 
External walls 0.32 W/m²·K 
Roof 0.49 W/m²·K 
Lighting 10 W/m2 
Operation time 
Cooling: 15th May  ~ 15th September  
Heating: 15th November ~ 15th March  
Cooling load 99.8 W/m2 
Cooling set point 25 ÛC for 08:30~17:30 
Heating load 50.3 W/m2 
Heating set point 
18 ÛC for 08:00 ~ 18:00 
12 ÛC for 18:00̢8:00 
3. Modeling 
With the TRNSYS software, this novel system has been modeled and simulated based on the typical 
meteorological year (TMY) weather data of Beijing. TRNSYS is developed by University of Wisconsin. It’s a 
flexible graphically based software used to simulate the behavior of transient systems [1]. Modeling and simulation 
of the system presents many advantages including the estimation of the energy consumption by the system, 
optimization of the system components, and prediction of energy efficiency and solar fraction of the system. Fig. 3 
shows the system model created by TRNSYS software. The dotted lines represent the control signals. Thin solid 
lines represent the environmental parameters. The system for space heating in winter is also added in the model.  
 
Fig. 3. System model created by TRNSYS software 
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Hourly cooling and heating load of the building is calculated by type 56. The model could also switch the modes 
automatically and simulate energy consumption and temperature variations of the system. Key parameters of system 
components are list in Table 2.  
Table 2. Key parameters of system components 
a. Solar collectors 
Total aperture area  358 m2 
Flow rate 28.8 m3/h 
Slope 10Û 
Face Due South 
Collector efficiency 
(Based on aperture area) 0.732 2.371
i aT T
G
K    
b. Absorption chiller 
Rated capacity 175.8 kW 
Rated COP 0.7 
c. Biomass boiler 
Boiler efficiency 0.85 
d. Cooling tower 
Maximum cell flow rate 65550 m3/h 
e. Heat exchange 
Heat transfer area 4.2 m2 
Heat transfer coefficient 5568 W/(m2·K) 
In this table, Ti is inlet fluid temperature of collector (Û&; Ta is the 
DPELHQW WHPSHUDWXUH Û&; G is total irradiation on collector surface per 
aperture area (W/m2). 
4. System optimization 
A series of simulation has been carried out with the model for optimizing the design of heat and cooling storage 
tanks to improve the system performance.  
4.1. Volume of the heat storage tank 
The heat storage tank stores collected heat and supplies driven energy for the absorption chiller. If the volume of 
the heat storage tank is too small, the biomass boiler and HM pump would work frequently, the auxiliary heat 
required increases. If the volume of the heat storage tank is too large, tank temperature would rise slowly. Therefore 
the heat loss and initial cost increases. This parameter will also affect the solar fraction in winter. Thus the volume 
of the heat storage tank is a key parameter, and it should be optimized. 
Fig. 4 shows the simulated annual auxiliary heat required and solar fraction in summer for different volume of the 
heat storage tank. As the simulation results show, the volume of the heat storage tank is not the larger the better, and 
the optimum volume for heat storage tank is 15 m3. 
 
Fig. 4. Effect of the volume of the heat storage tank 
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4.2. Volume of the cooling storage tank 
The temperature of cooling storage tank is normally 7~12 ÛC. Compared with the heat storage tank, the heat loss 
from the cooling storage tank would be less. However, oversized tank volume would affect the initial cost and 
system efficiency.  
Only summer simulation results have been analyzed for the cooling storage tank only works in summer. Fig. 5 
shows the auxiliary heat required and solar fraction in summer for different volume of the cooling storage tank, 
while the volume of the heat storage tank is 15 m3. As can be seen from Fig. 5, with the volume of the cooling 
storage tank increasing, the solar fraction in summer generally increases. But the difference between 8 m3 and 16 m3 
is very little. Taking the initial cost of cooling storage tank into account, the optimum volume for cooling storage 
tank is 8 m3. 
 
Fig. 5. Effect of the volume of the cooling storage tank 
5. Validation test 
To validate the model and optimization results, the system had been tested during the summer of 2013. There 
were 4 days selected to test the system performance under typical weathers. The solar irradiation levels of the 4 days 
were respectively very good, good, medium and poor. All the operating parameters of system components and the 
building, as well as the environmental parameters had been measured and processed by China Academy of Building 
Research. Average daytime temperature and total irradiation are listed in Table 3. 
Table 3. Comparison between the tested and simulated results 
Item 
28-Jul 2-Aug 15-Aug 20-Aug 
Tested Simulated Tested Simulated Tested Simulated Tested Simulated 
Average daytime temperature (ÛC) 36.0 - 30.7 - 32.7 - 27.4 - 
Total irradiation per m2 (MJ/m2) 25.6 - 16.3 - 11.5 - 6.1 - 
Heat gain by collectors (MJ) 5536.4 4727.0 3014.9 2852.6 1291.5 1469.9 807.6 806.7 
Auxiliary energy demand (MJ) 0 0 0 0 849.5 574.2 1286.7 730.0 
Heating medium demand (MJ) 3052.6 3513.5 2105.7 2408.3 1975.6 1748.0 2427.8 1599.1 
Total cooling energy (MJ) 1902.0 2189.3 1474.1 2028.8 2164.5 2378.6 1895.3 1761.5 
Collector efficiency 0.60 0.53 0.52 0.50 0.31 0.32 0.37 0.31 
System COP 0.21 0.24 0.25 0.36 0.30 0.35 0.41 0.37 
Average room temperature ÛC) 24.1 25.0 26.8 25.0 26.5 25.0 25.3 25.0 
Solar fraction 1 1 1 1 0.57 0.67 0.47 0.54 
 
Then the tested data of environmental parameters was integrated into the weather data of Beijing. Several 
operating data, such as the tank temperature, room temperature, flow rate, etc., had been used to set the initial 
conditions of the model. After that, simulation was performed based on the testing condition. The tested and 
simulated results during the test days were compared in Table 3. All figures in Table 3 were based on the data from 
8:30 to 17: 30 of the selected dates.  
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As can be seen in Table 3, the difference between simulated results and tested data is small, especially for the 
system COP and solar fraction. It shows that the model is accurate enough to predict the system performance. 
6. Energy efficiency and economic performance analysis 
With validated model, hourly simulation for a whole year was performed based on the typical meteorological 
year (TMY) weather data of Beijing. Simulation results are showed in Table 4. The energy efficiency and economic 
performance of the system has been analyzed based on the simulation results. 
Table 4. Simulation results for the system energy consumption 
Month Heat gain by collectors (MJ) 
Collector 
efficiency 
Cooling 
load (MJ) 
Heating 
load (MJ) 
Heat medium 
demand (MJ) 
Aux. energy 
demand (MJ) 
Solar energy 
used (MJ) 
Solar 
fraction 
1 18123  0 56869 0 39417 17452 0.31 
2 23828  0 40131 0 18825 21306 0.53 
3 11616  0 9779 0 0 9779 1 
4 - - 0 0 0 0 0 - 
5 28434  19319 0 28251 3041 25210 0.89 
6 57650  46169 0 58194 6080 52114 0.90 
7 42151  62031 0 62537 28210 34327 0.55 
8 49931  58274 0 62954 17148 45806 0.73 
9 22275  18571 0 23207 2171 21036 0.91 
10 - - 0 0 0 0 0 - 
11 4583  0 15925 0 7817 8108 0.51 
12 11508  0 51499 0 42202 9297 0.18 
Summer total 200441 40.8 204364 235143 56650 178493 0.76 
Winter total 69658   174203 108261 65942 0.38
Total 270099  204364 174203 235143 164911 244435 0.60
6.1. Energy efficiency 
As can be seen in Table 4, the annual average efficiency of collectors is 37.6DQG WRWDOVRODUHQHUJ\XVHG LV
244435 MJ. The solar fraction of the system in summer and winter is respectively 0.76 and 0.38. System COP in 
summer has also been calculated and the value is 0.32.  
Table 5 shows a comparison of energy consumption between the novel system and the traditional cooling and 
heating system. The traditional cooling and heating system usually adopts electric centrifugal chiller for cooling and 
boiler for district heating in China. As shown in Table 5, with the novel system,  of primary energy 
consumption could be reduced, equivalent to saving 13.5 ton of standard coal. That means the CO2 emission could 
be reduced by 35.4 ton, and SO2 emission could be reduced by 114.8 kg each year. 
Table 5. Energy consumption comparison 
 
Novel solar thermal cooling 
system 
Traditional cooling and heating 
system 
Solar energy (MJ) 270099 0 
Bioenergy (MJ) 208196 0 
Electricity (kW/h) 24532 43455 
District heating (MJ) 0 183371 
Primary energy consumption (MJ) 196256 592131 
Primary energy consumption per m2 (MJ/m2) 106 320 
 Tao He et al. /  Energy Procedia  70 ( 2015 )  454 – 461 461
6.2. Economic performance analysis 
As shown in Table 6, the initial cost of the novel system is higher, but the operation cost is 114130 Yuan less 
than traditional system each year. The NPV (net present value) of life cycle cost for the novel system is 1604000 
<XDQOHVVWKDQWKHWUDGLWLonal system. The dynamic payback period of the novel system compared with the 
traditional system is 5.0 years. Therefore, the novel system’s economic performance is better. 
Table 6. Economic performance comparison 
 
Novel solar thermal cooling 
system 
Traditional cooling and heating 
system 
Initial cost (thousand Yuan) 1394 936 
Initial cost per m2 (Yuan/m2) 754 506 
Cooling operation cost (thousand Yuan) 17.35 54.28 
Heating operation cost (thousand Yuan) 7.18 84.38 
Operation cost per m2 (Yuan/m2) 13 75 
Benchmark yield   
Design life (Year) 15 15 
Net present value of life cycle cost  (thousand Yuan) 1604 2123 
7. Conclusion 
This paper presents a novel solar thermal cooling system applied in a typical office building with 50RT 
absorption chillers and normal Chinese evacuated tube collectors in China. The system has been modeled and 
optimized with the TRNSYS software. Then validation tests have been carried out. The energy efficiency and 
economic performance of the system has also been analyzed. Results show: 
1. With WKHDEVRUSWLRQFKLOOHUZKLFKFRXOGEHGULYHQE\KHDWPHGLXPDWaÛ&, the evacuated tube collectors 
could satisfy the requirements for heat medium and initial cost could be reduced. 
2. The design of heat and cooling storage tanks has been optimized with the system model, and the optimum 
volume for heat and cooling storage tank is 15 m3 and 8 m3, respectively. 
3. Simulation results show the annual average efficiency of collectors is , and the solar fraction of the 
system in summer and winter is respectively 0.76 and 0.38. Compared with traditional system,  RI SULPDU\
energy consumption could be reduced, equivalent to saving 13.5 ton of standard coal. That means the CO2 and SO2 
emission could be reduced respectively by 35.4 ton and 114.8 kg each year. 
4. Results of economic performance analysis show that the NPV of life cycle cost IRUWKHQRYHOV\VWHPLV
less than the traditional system. The economic performance of the novel system is better. 
Thus, solar thermal cooling system could achieve a significant energy saving effect in the public buildings. 
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